Introduction
============

Trophoblasts form the outer layer of blastocysts, and contribute to diverse factors related to the success of pregnancy \[[@B1]\]. Trophoblasts differentiate into various cell types that play a major role in implantation and placental development \[[@B2][@B3]\], as well as excreting essential substances during fetal development \[[@B4]\]. The important contribution of trophoblasts to a successful pregnancy has been established, whereas their role in implantation has not been researched in depth. Of particular note, the trophoblasts that lead to successful fetal development invade the endometrium and survive in hypoxic conditions \[[@B5]\]. Trophoblasts begin to invade the endometrium layer, and then fuse and accelerate villi formation, widening their surface area in order to make connections with maternal blood vessels. Trophoblasts thrive under hypoxic conditions until making contact with the maternal blood vessels.

Hypoxia, which is one of the several environmental factors that affect the implantation process, triggers changes in the expression of genes, enabling trophoblasts to adapt to their environment and carry out their various dynamic functions, such as proliferation, differentiation, and migration. However, severe hypoxia is regarded as dangerous and can lead to cell death. When a trophoblast contacts a maternal blood vessel, blood flows into the trophoblast. The sudden intervillous space perfusion increases the level of oxidative stress and triggers heat shock protein expression \[[@B6]\]. Thus, a high level of oxidative stress may contribute to the retardation of fetal development or even pregnancy failure \[[@B7]\]. As a process regulating oxidative stress, antioxidant genes such as heme oxygenases (HO-1 and HO-2) \[[@B8][@B9]\] and superoxide dismutase (SOD) are upregulated to reduce oxidative stress and to increase mitochondrial activity \[[@B10][@B11]\]. Failure of this regulatory process may be a factor leading to pregnancy failure. Thus, antioxidant supplementation in trophoblasts by injecting external antioxidant substances may increase the survival rate, invasive ability, and the mitochondrial activity of these cells.

Several previous studies have mentioned selenium as an antioxidant relevant to human health that protects many types of cells in the body from oxidative stress \[[@B12]\]. Recently, Khera and colleagues reported that selenium supplementation induced mitochondrial biogenesis in trophoblastic cancer cell lines (Swan-71, JEG-3, and BeWo) through the upregulated expression of the *selenoprotein H*, *PGC-1a*, and *NRF-1* genes \[[@B13]\] and protected trophoblast cells from mitochondrial oxidative stress \[[@B14]\]. However, little is known about the effects of selenium on the migration ability of trophoblasts via mitochondrial oxidative stress and their relationships with other relevant factors.

Thus, we investigated whether selenium treatment affected the viability of trophoblasts and their migration activity, and whether it affected how the migration of trophoblasts is controlled via the regulation of mitochondrial oxidative stress.

Methods
=======

1. Cell culture
---------------

Cells from the human extravillous trophoblast cell line HTR-8/Svneo were cultured under eight different conditions according to oxygen concentration, incubation time, and selenium treatment. The optimal concentration of selenium (Sigma-Aldrich, St. Louis, MO, USA) in the cells was determined by MTT (3-\[4,5-dimethylthiazol-2-yl\]-2,5 diphenyl tetrazolium bromide) assays. Cells (2×10^3^) were plated into a 96-well cell culture plate and supplemented with selenium (with concentrations ranging from 0 to 12.5 nM) and cultured for 24 hours in normoxic and hypoxic conditions.

2. Analysis of the cell survival rate
-------------------------------------

To analyze the cell survival rate under conditions of selenium treatment and hypoxia, the trophoblast cells were plated into a 6-well plate (6×10^4^ cells/well) and treated with 0.5 nM selenium. After being cultured for 24 hours or 72 hours under normoxic or hypoxic conditions, the cells were stained with trypan blue and the number of cells was counted.

3. Invasion assay
-----------------

Invasion assays were performed by using transwell plates containing polycarbonate filters with a pore size of 8.0 µm. The transwell inserts were first coated with 50 µL of 1 mg/mL of Matrigel matrix (Becton Dickinson, Franklin Lakes, NJ, USA) at 37℃ for 4 hours to allow gelling according to the manufacturer\'s recommendations. HTR8/SVneo cells were seeded at a density of 1.5×10^5^ cells in 200 µL of medium without fetal bovine serum in the upper chamber. The inserts were removed and washed in phosphate-buffered saline (PBS), and the nonmigrating cells in the upper chamber were removed with a cotton bud. The inserts were then fixed in cold methanol for 10 minutes at room temperature and stained with hematoxylin. Cells that invaded the lower surface were counted in 10 fields at ×200 magnification.

4. RNA extraction and reverse-transcription polymerase chain reaction
---------------------------------------------------------------------

Total RNA was extracted from the cultured cells using the Qiagen RNeasy kit. Reverse transcription was performed with 1 µg of total RNA and Superscript III reverse transcriptase. The cDNA sequences were amplified by polymerase chain reaction (PCR). Real-time PCR for HO-1, HO-2, SOD, adenosine triphosphate (ATP) binding cassette subfamily B member 10 (ABCB10), and hypoxia inducible factor 1α (HIF-1α) cDNA was performed using SYBR EX Taq (Roche, Basel, Switzerland) and Exicycler 96 quantitative thermal block (Bioneer, Daejeon, Korea). The PCR reaction conditions were as follows: denaturation at 95℃ for 5 minutes, 40 cycles of 95℃ for 20 seconds, an annealing temperature of 60℃ for 15 minutes, extension at 70℃ for 15 minutes, and a final extension at 72℃ for 7 minutes. β-actin was used as an internal control.

5. ATP assay
------------

ATP levels were measured using an ATP assay kit (Abcam, Cambridge, MA, USA) according to the manufacturer\'s instructions. Briefly, HTR-8/SVneo cells (6×10^4^ cells/well) were seeded into a 6-well culture plate for 24 hours. The sample was the lysate from harvested HTR-8/SVneo cells and was quantified using the BCA assay (Pierce, Rockford, IL, USA). Aliquots of 10 µg of lysate were added, amounting to no more than 10% of the total assay volume. The samples were added to a 96-well white plate and measured by the maximum emitted 560-nm fluorescence intensity using a Centro XS3 LB960 (Berthold technology, Oak Ridge, TN, USA).

6. Measurement of reactive oxygen species and the membrane potential of mitochondria
------------------------------------------------------------------------------------

Levels of reactive oxygen species (ROS) and the membrane potential of mitochondria in HTR-8/SVneo trophoblast cells were determined by MitoSOX/MitoTracker and JC-1 (Invitrogen, Camarillo, CA, USA) fluorescence staining methods, respectively. Cultured cells were seeded onto glass cover slips and washed with PBS. The cells were incubated with MitoSOX/MitoTracker at 37℃. The cells were then washed with PBS and incubated with 1 µg/mL diamidino-phenylindole hydrochloride (Sigma-Aldrich) for 1 minute at room temperature. To evaluate the mitochondrial membrane potential, cells were incubated with JC-1 for 20 minutes at 37℃. The cells were mounted with mounting medium (Dako, Carpinteria, CA, USA) and the images were observed using a confocal laser scanning microscope imaging system.

7. Statistical analysis
-----------------------

All experiments were performed at least three times. Data are expressed as mean±standard error of the mean. Statistical significance between the control group and the selenium treatment group was determined using the Student *t*-test. For all analyses, *p*-values \<0.05 were considered to indicate statistical significance.

Results
=======

1. Effects of selenium on trophoblast proliferation
---------------------------------------------------

The optimal selenium concentration for trophoblasts was determined using MTT assays. In normoxic conditions, the proliferative activity of trophoblast cells was significantly higher at a selenium concentration of 5 nM, whereas proliferative activity under hypoxic conditions was maximized at a selenium concentration of 0.5 nM (*p*\<0.05) ([Figure 1A](#F1){ref-type="fig"}). Based on these data, the viability of trophoblasts according to exposure to hypoxia and selenium was analyzed. No significant difference was found in the viability of trophoblasts in normoxic conditions regardless of selenium treatment; however, when exposed to selenium treatment under hypoxic conditions, their viability increased at 24 and 72 hours, although this trend did not reach statistical significance ([Figure 1B](#F1){ref-type="fig"}). As shown in [Figure 1C](#F1){ref-type="fig"}, the cell death rate of trophoblasts was increased by hypoxia; otherwise, selenium treatment significantly decreased the cell death rate. These data mean that selenium treatment affected the viability of trophoblasts under hypoxic conditions.

2. Invasive ability of trophoblast cells under hypoxic conditions and selenium treatment
----------------------------------------------------------------------------------------

It is well known that migration activity is a very important factor contributing to the implantation of trophoblasts into the maternal myometrium layer, and that hypoxia induces migration activity in trophoblasts through the activation of several signal molecules and adhesion molecules \[[@B15][@B16][@B17]\]. Therefore, we investigated whether selenium could control the migration of trophoblast cells. Trophoblast cells showed an increased invasive ability at 72 hours in both normoxic and hypoxic conditions. Interestingly, selenium treatment induced an increase in migration activity in all normoxic and hypoxic groups ([Figure 2](#F2){ref-type="fig"}). These data suggest that selenium treatment enhances the migration activity of trophoblasts.

3. Effect of selenium on antioxidant enzyme expression in trophoblast cells under hypoxic conditions
----------------------------------------------------------------------------------------------------

Based on these results, we investigated whether selenium reduced oxidative stress in the mitochondria of trophoblast cells. The expression of antioxidant enzyme genes according to selenium treatment was analyzed by real-time PCR ([Figure 3](#F3){ref-type="fig"}). In normoxic conditions, HO-1 mRNA expression increased in trophoblast cells treated with selenium at 24 hours and 72 hours, while HO-1 expression gradually decreased in trophoblast cells exposed to hypoxia ([Figure 3A](#F3){ref-type="fig"}). Additionally, HO-2 expression in trophoblasts under normoxic conditions was increased by selenium, but there were no significant differences when trophoblast cells exposed to hypoxia were treated with selenium ([Figure 3B](#F3){ref-type="fig"}). The expression of the ABCB10 gene, which contributes to heme biosynthesis and antioxidant regulation \[[@B18]\], increased under normoxic and hypoxic culture conditions for 24 hours. However, the expression of this gene was not significant after 72 hours of culture in either normoxic or hypoxic conditions ([Figure 3D](#F3){ref-type="fig"}). Interestingly, SOD gene expression significantly increased in all groups treated with selenium at 72 hours (*p*\<0.05) ([Figure 3C](#F3){ref-type="fig"}). These results suggest that selenium may affect oxidative stress in the mitochondria of trophoblasts depending on the oxygen concentration.

4. Effects of selenium on mitochondrial function in trophoblasts
----------------------------------------------------------------

Because we found that selenium affected oxidative stress in the mitochondria of trophoblasts, we analyzed the effects of selenium treatment on ATP production in trophoblasts. Generally, mitochondrial ATP production in trophoblasts decreased with long-term cultivation. In normoxic conditions, ATP production dramatically decreased at 72 hours compared to the levels observed at 24 hours. However, ATP production was significantly higher in all selenium-treated groups than in the selenium-untreated groups (*p*\<0.05) ([Figure 4A](#F4){ref-type="fig"}). To evaluate the mitochondrial membrane potential and ROS levels of trophoblasts depending on selenium treatment under normoxic and hypoxic conditions, trophoblasts were analyzed using JC-1 and Mito-SOX/Mitotracker, respectively.

In the JC-1 analysis, red indicates high mitochondrial membrane potential and green indicates the opposite. The mitochondrial membrane potential was higher in all selenium-treated groups, with a particularly dramatic increase noted in trophoblasts exposed to hypoxic conditions for 72 hours ([Figure 4B](#F4){ref-type="fig"}). In the ROS analysis using MitoSOX/Mitotracker, red indicates high levels of ROS and green indicates low levels of ROS. In trophoblasts treated with selenium under hypoxic conditions for 72 hours, the ROS level was significantly lower ([Figure 4C](#F4){ref-type="fig"}). These results suggest that selenium modulates the expression of antioxidant factors, thereby reducing the oxidative stress in the mitochondria of trophoblasts, thus increasing ATP production as well as the mitochondrial membrane potential in trophoblasts under hypoxic culture conditions.

Discussion
==========

During the implantation process, trophoblasts are exposed to dynamic oxygen concentrations in the maternal myometrium. Because trophoblasts are implanted into the maternal myometrium layer 2 weeks after fertilization, trophoblasts are generally exposed to hypoxic conditions at the beginning of pregnancy and experience greater partial pressures of oxygen during normal placental development. However, if trophoblasts are persistently exposed to hypoxic conditions, they are known to cause a variety of gynecological diseases, such as preeclampsia and fetal growth retardation \[[@B19][@B20]\]. Thus, trophoblasts possess an innate ability to handle excessive oxidative stress through compensatory factors such as antioxidant enzymes.

In the present study, selenium-treated trophoblasts under hypoxic conditions showed increased viability, migration activity, and markers of mitochondrial functional activity, such as ATP production and membrane potential, resulting from downregulated ROS levels. A previous report showed that selenium acted as an anticancer drug that decreased the migration activity of murine melanoma cells via down-modulation of interleukin-18 expression, as well as inhibiting the proliferation and migration of HeLa cells \[[@B21][@B22]\]. However, our data showed that selenium induced a marked increase in the migration activity of trophoblasts, regardless of oxygen concentration. These results mean that selenium can contribute to a successful pregnancy by regulating the migration of trophoblasts. To our knowledge, this is the first report of the effects of selenium on enhancing migration and proliferation in trophoblasts exposed to hypoxic conditions through reducing mitochondrial oxidative stress.

Generally, antioxidant enzymes also contribute to oxidative stress regulation. Heme oxygenases, including HO-1 and HO-2, are important in regulating oxidative stress, and their expression can be sensitive to concentrations of oxygen in our circulatory system. However, their expression patterns and regulations are dynamic because of the complexities of HO regulation by hypoxia. Newby et al. \[[@B23]\] reported that HO-1 expression in syncytiotrophoblasts exposed to hypoxic conditions decreased, but otherwise, HO-2 expression was not affected by hypoxia in either cytotrophoblasts or syncytiotrophoblasts. These data are similar to our findings that HO-1 and SOD expression increased in trophoblast cells exposed to hypoxic conditions for 72 hours when treated with selenium. Additionally, HO-2 was not induced by hypoxia or selenium treatment.

Hypoxia is a microenvironmental factor that induces a variety of biological events in cells, leading to the expression of HIF-1α. HIF-1α is known to be very unstable, as shown by its short half-life, so its expression decreases in the long term after exposure to hypoxic conditions \[[@B24]\]. However, antioxidant activity remains increased after the decrease in HIF-1α expression. The increase in oxidative stress in trophoblasts caused by hypoxia and the possibility of repeated reoxygenation cause mitochondrial insufficiency and, consequently, abnormal functions in trophoblasts, leading to obstetrical diseases such as preeclampsia \[[@B25][@B26]\]. Therefore, many researchers are studying the factors that can reduce these forms of oxidative stress to maintain a healthy pregnancy and to protect the health of mothers and babies, but insufficient progress has been made.

Recently, Mehta et al. \[[@B27]\] reported that selenium protected neurons in cases of focal cerebral ischemic damage by reducing oxidative stress and restoring mitochondrial function via stimulating mitochondrial biogenesis. Selenium can be predicted to play the role of a cofactor for these antioxidant enzymes, contributing to the significant increase in antioxidant enzymes. This oxidative stress regulation also increased the mitochondrial membrane potential and decreased ROS levels in trophoblast cells. These data are similar to ours ([Figure 4B, C](#F4){ref-type="fig"}).

In conclusion, we confirmed that selenium enhanced migration and proliferation in trophoblasts by reducing mitochondrial oxidative stress. Therefore, these results will be used as basic data for understanding the mechanisms of how trophoblast cells respond to oxidative stress and how selenium promotes the upregulation of related genes and improves cell survival rate and their invasive ability through regulating mitochondrial activity. Furthermore, these results suggest that selenium may be used in reproductive medicine for purposes including infertility treatment.
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![Selenium treatment increased the survival rate of trophoblasts under normoxic and hypoxic conditions. (A) MTT assay for selenium treatment in trophoblasts. To measure the effects of selenium in trophoblasts, trophoblasts in normoxic and hypoxic conditions were treated with various selenium concentrations (^\*^*p*\<0.05). (B) The survival and (C) death ratio of trophoblasts was determined by trypan blue staining under mormoxic and hypoxic conditions. The data were representative of three independent experiments and expressed as mean±standard error. MTT, 3-\[4,5-dimethylthiazol-2-yl\]-2,5 diphenyl tetrazolium bromide.](cerm-45-10-g001){#F1}

![Selenium treatment increased the invasive ability of trophoblasts under normoxic and hypoxic conditions. The effects of selenium treatment on the invasive ability of trophoblasts were determined by (A) an invasion assay based on hematoxylin staining (magnification, ×200) and (B) invaded cell counting under normoxia and hypoxia conditions. The data were representative of three independent experiments and expressed as mean±standard error.](cerm-45-10-g002){#F2}

![Selenium treatment changed the expression levels of antioxidant genes under normoxic and hypoxic conditions. (A) HO-1, (B) HO-2, (C) SOD, and (D) ABCB10 mRNA expression in trophoblasts according to treatment with selenium was determined by using qRT-PCR under normoxic and hypoxic conditions (^\*^*p*\<0.05). The data were representative of three independent experiments and expressed as mean±standard errors. HO, heme oxygenase; SOD, superoxide dismutase; ABCB10, adenosine triphosphate binding cassette subfamily B member 10; qRT-PCR, quantitative real-time polymerase chain reaction.](cerm-45-10-g003){#F3}

![Effects of selenium on the mitochondrial function of trophoblasts under normoxic and hypoxic conditions. (A) The adenosine triphosphate production of trophoblasts was analyzed by a luminal fluorescence enzyme-linked immunosorbent assay under normoxic and hypoxic conditions (^\*^*p*\<0.05). (B) The mitochondrial membrane potential of trophoblast was analyzed by JC-1 fluorescent staining (magnification, ×200). (C) Fluorescence images showed mitochondrial superoxide (MitoSOX Red) and mitochondrial content (MitoTracker Green) in trophoblasts according to selenium treatment under normoxic and hypoxic conditions (magnification, ×200). The data were representative of three independent experiments and expressed as mean±standard error. OD, optical density.](cerm-45-10-g004){#F4}
